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The zenith-angle dependence of the atmospheric muon- 
neutrino flux recently reported by Super-Kamiokande 
Collaboration and by MACRO Collaboration ^ seems 
to provide a strong evidence for the neutrino oscillation 
and hence for the neutrino mass, which has long been 
suggested by the phenomena of the solar neutrino deficit 

, Q and the atmospheric neutrino deficit , . Then 
an important theoretical question is why the neutrinos 
have so tiny masses in contrast with the other funda- 
mental fermions (charged leptons and quarks). Another 
eminent feature of the mass spectrum is that the quarks 
are heavier than the charged leptons in the same genera- 
tion. The fermions seem to acquire their masses accord- 
ing to their interaction activity. The standard model (the 
quantum chromodynaniics and the quantum electroweak 
dynamics of the three generations of the quarks and lep- 
tons) never explains the origins of any characteristics of 
the mass spectrum, since the masses are proportional to 
the Yukawa coupling constants which arc free parame- 
ters of the theory. In general, fermion masses can be 
kept naturally (in 't Hooft's sense) small due to protec- 
tion by the chiral symmetry |Q (the exception of the top 
quark is another problem). The chiral symmetries for 
the neutrinos are very stringent, while those for the oth- 
ers are comparatively loose. What dynamical mechanism 
makes them so different? The large mass discrepancy be- 
tween the neutral and the charged fermions suggests that 
the electromagnetic interactions are concerned with it. 
Typical effects which break the chiral symmetry are the 
masses and anomalous (non-minimal) gauge interactions 
of the fermions. Hence we expect that the anomalous 
interactions play an important role in the mass genera- 
tion of the fermions In fact, the anomalous inter- 
action gives rise to a severely divergent self-mass to the 
charged fermion. In this letter, we propose a dynami- 
cal mass-generation scenario which naturally realizes the 
mass hierarchy among the neutrinos, charged leptons and 
quarks, where the mass is dominated by the self-mass in- 
duced through the anomalous interactions. 

The anomalous interactions may not be ultimately fun- 
damental, because theories with them are not renormal- 
izable. They should be taken as an induced effect arising 



from the underlying fundamental theory. Various can- 
didates of such a underlying theory are extensively in- 
vestigated in literature. They include, for example, the 
composite model |^ , the (supersymmetric) grand unified 
model [Q, the technicolor model |11|, and the super- 
string model [ p^ . Here we do not precisely specify what 
the underlying theory is. We simply assume a slightly 
broken chiral symmetry and existence of a fundamental 
mass scale A, which serves as a momentum cutoff in the 
low energy effective theory. As a result of the underlying 
dynamics, small mass and anomalous interaction terms 
are expected to arise in the action integral of the low en- 
ergy effective theory. They are taken as the bare masses 
and bare interactions in the effective theory, and their 
quantum effects below the scale A should be taken into 
account. In general, the bare terms originating from the 
underlying theory include both dimensionless and dimen- 
sional ones, where the dimension means the mass scale 
dimension of the action integral apart from the coeffi- 
cient. We define the dimensionless coupling constant of 
dimensional interaction by scaling it by the fundamental 
mass scale A, and we assume that thus defined dimen- 
sionless coupling constants are less than unity in order 
for the perturbation expansion to be meaningful. The 
higher order diagrams in the dimensional interaction di- 
verge severely, but, at the same time, are suppressed by 
inverse powers of A in the coupling constants, so that, as 
a whole, these diagrams behave like A'', where d is the 
scale dimension of the diagram. Among these higher or- 
der diagrams, those with negative dimension (d < 0) are 
suppressed by inverse powers of A, and negligibly small, 
while those with non-negative dimension (d > 0) diverge 
with A. The corrections to masses, which have positive 
dimension, are enhanced by powers of A, and those to di- 
mensionless interactions are enhanced by powers of In A. 
These behaviors are no worse than those in the renornial- 
izable theory. The divergent parts belong to the same 
primitively divergent parts as in the renormalizable the- 
ory, and are absorbed by the renormalized masses and 
coupling constants which are independently determined 
by experiments. Thus, in the limit A — > oo the non- 
renormalizable dimensional interactions have no observ- 
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able effects, and the effective theory looks like renormal- 
izable (in power counting) at low energies. The renor- 
malization theory by itself has no predicative power on 
the masses and coupling constants because they are to be 
renormalized. In the effective theory, however, the funda- 
mental scale A is finite, and the bare masses and the bare 
dimensionless interactions are determined by the under- 
lying theory in principle, so that the enhanced contribu- 
tions to them from the non-renormalizable interactions 
acquire physical meaning. Even though the fundamental 
theory is not precisely known, knowledge on symmetries, 
quantum numbers etc. can make them observable. The 
mass spectrum can be a good place to seek for the new 
physics signatures arising from the non-renormalizable 
interactions, as well as their direct effects. 

We first consider the case where the lepton or quark 
field ip with the electric charge Q interacts with the 
photon field A^. We assume that the chiral symmetry 
for fermions is slightly broken in the underlying theory. 
Then it gives rise to a small bare mass term and a small 
bare anomalous electromagnetic interaction term in the 
Lagrangian of the effective theory: 

? (^-mo + i/iotr^'F^^') V-, (1) 

where mo and fxo are the induced bare mass and the bare 
anomalous magnetic moment, respectively, and Ff^^, = 
df_iA„ — diyAf_i is the electromagnetic field strength. The 
assumption of the slightly broken chiral symmetry im- 
plies that 

mo<A, l/xoKl/A. (2) 

In other words, the mass uiq and the anomalous magnetic 
moment /io can be naturally small due to the protection 
by the chiral symmetry. The unknown underlying dy- 
namics determines the relative importance of ttiq / A and 
/ioA. Some symmetry or dynamics may suppress or en- 
hance one or another of them. Consider the simultane- 
ous operation of the discrete chiral transformation of the 
fermion field ip and the sign change of the photon field 
A,. 

\ Afj, A'^ ^ ~A^. 

The anomalous electromagnetic interaction is invariant 
under (^, while the mass term is not. The minimal elec- 
tromagnetic interaction also violates the invariance under 
. Suppose we first switch off the minimal electromag- 
netic interaction (e — > where e is the minimal electro- 
magnetic coupling constant) and respect the symmetry 
under (^), so that the anomalous magnetic moment is 
allowed, but the mass is not. Then we switch on the 
minimal electromagnetic interaction, so that the symme- 
try under (|^) is broken and the mass is generated. The 



mass thus generated is expected to be proportional to 
eQ, where Q is the electric charge of the fermion field. If 
we assume a slightly broken symmetry under (||) in the 
limit e — > 0, we have 

mo/A<|^o|A (4) 

In other words, the mass toq can be naturally small due 
to the protection by the discrete symmetry under trans- 
formation in the limit e ^ 0. 

FIG. 1. 

Now we consider the quantum effects arising from the 
bare mass and anomalous electromagnetic interaction 
which originally stem from the underlying theory. At the 
one-loop level, the contributions to the mass come from 
the diagrams in Fig. ^ and b. The solid and the wavy 
lines indicate the fermion and the photon propagators, re- 
spectively, and the simple and the blobbed vertices indi- 
cate the minimal and the anomalous electromagnetic in- 
teractions, respectively. The contribution to the fermion 
mass takes place only when the chiral symmetry is bro- 
ken in the course of the diagram. The cross indicates the 
part which breaks the chiral symmetry. In diagram a, the 
fermion propagator breaks the chiral symmetry through 
the bare mass rno: and hence the amplitude is propor- 
tional to Too- In diagram b, the anomalous electromag- 
netic interaction vertex breaks the chiral symmetry, and 
the amplitude is proportional to the anomalous magnetic 
moment /io- Diagram a diverges logarithmically and di- 
agram b quadratically. We incorporate the momentum 
cutoff at the fundamental scale A by inserting the form 
factor 

1/(1 -gVAY (5) 

to the photon line with the momentum q, and nothing to 
the fermion line at the one-loop level, so that it makes the 
integral sufficiently convergent and, at the same time, the 
cutoff preserves the gauge symmetry and the chiral sym- 
metry. The cutoff should preserve also the chiral sym- 
metry, which is broken, in order to guarantee that the 
breaking takes place only through dynamics. Then it is 
straightforward to obtain the result for the mass: 

3 A^ 3 

TO = mo + -— ^e^Q^TOQ In ^ - — ^eQ^oA^ (6) 
loTT^ m,Q Svr^ 

where we have neglected the term suppressed by inverse 
powers of A. The second term, which comes from dia- 
gram a, is the usual self-mass in the quantum electrody- 
namics, and is smaller than the bare term mo even if the 
cut off A is as large as the Planck mass. On the other 
hand, the third term, which is caused by the anomalous 
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electromagnetic interaction (diagram b), is enhanced by 
the severely divergent nature of the diagram. The sign 
of the third term depends on the signs of Q and fiQ. The 
negative sign in the fermion mass can always be absorbed 
by redefinition of the fermion field. What is observable is 
their relative signs. The absolute value of the third term 
is much larger than the first term under the assumption 
(^. Because it is proportional to the electric charge, it 
exists only for the charged leptons and quarks, and is 
absent for the neutrinos. This fact explains the origin 
of the large mass discrepancy between the neutrinos and 
the other charged fermions. Then the neutrino mass 
and the charged fermion mass to/ are essentially given 
by 



m,, = mo, 
3 



e\Q^lo\A'^ 



(7) 

(8) 



The last relation (H) indicates that the intrinsic anoma- 
lous magnetic moment is proportional to the mass, con- 
trary to the Schwinger correction which is proportional to 
the mass inverse. Another important difference between 
the intrinsic anomalous magnetic moment arising from 
the fundamental dynamics and that induced through or- 
dinary quantum electrodynamics (Schwinger correction) 
is as follows. The former (intrinsic one) is a constant 
as a function of the momenta, and persists up to the 
scale A, while the latter diminishes with increasing mo- 
menta. These properties are directly testable by precision 
experiments of the anomalous magnetic moment of lep- 
tons [|l6|, cross sections in lepton-(anti)lepton scat- 
tering, scaling violation in deep inelastic lepton-hadron 
scattering etc. in the future. At present the exper- 
imental result for the anomalous magnetic moment p^ ] 
of the electron /ie agree well with the theoretical pre- 
diction from the quantum electrodynamics within 
errors, which sets the stringent limit 



-2.0 X lO^^TcV"^ < ^^e< 1-3 X lO^^TeV" 



(9) 



If we apply this to the relation (g), we obtain the lower 
bound on the compositeness scale A as 



A > 2TeV. 



(10) 



Similarly, the agreement between the experimental result 
[ psf and the quantum-electrodynamics prediction ]T6t on 
the anomalous magnetic moment /i^; of the muon sets the 
limit 

-2.0 X lO^^TcV"^ < Aie < 3.1 X 10"^TcV"\ (11) 

which, if applied to (|^), gives the lower bound 

A > 15TeV. (12) 

It is also noteworthy that the top quark may have com- 
paratively large intrinsic anomalous magnetic moment. 



If we dare to speculate, it is plausible that toq in (0) is 
common to the neutrino species, so that they are almost 
degenerate, giving chances to large mixing which is sug- 
gested by the observations on the solar and atmospheric 
neutrinos. 

Let us incorporate the weak interactions into this 
scheme. In general the weak bosons can also have anoma- 
lous interactions: 
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i=l 

+ l=:^^a^-W+{^i'I^L - fihRH2 + h.c, (13) 

where V'l and "02 stand for up-type and down-type 
fermions, respectively, Z^i^ and W^i/ are the field strength 
of the Z and W bosons, respectively, 7^ = (1 -I- 75)/2, 
7l = (1 — 75)/2, and /x^, and /x"(i — 1, 2) are anoma- 
lous coupling constants. In the context of the electroweak 
SU{2)l X U{1)y gauge theory, the anomalous interac- 
tions are introduced th rough the non-rcnormalizable in- 
teractions 

V^,fl,0(^)t,^M^'(^,^5^_^ + ^'^W^^ra)^j^ + h.c, (14) 

where Ki and K^(i = 1,2) are the coupling constants, 
— 1>2) is the 5'[/(2)L-singlet righthanded compo- 
nent of the quark (or lepton) field ipi, = {'4'il,^2l) 
is the SU{2)l -doublet lefthanded component ol tp = 
(V'i,V'2), </>^'=^ is the 5'[/(2)z,-doublet Higgs field for i = 2 
or its charge conjugate for z = 1, B^^, and W^^{a = 
1,2,3) are the field strengths of the electroweak gauge 
fields, and Ta{a = 1,2,3) is the Pauli matrix. As is ar- 
gued above, such non-renormalizable interactions can ex- 
ist in the effective theory as far as they are suppressed 
by the inverse of the fundamental scale A. When the 
SU{2)l X U{1)y gauge symmetry is spontaneously bro- 
ken, the neutral component of the Higgs field acquires a 
non-vanishing vacuum expectation value, and ( p^ gives 
rise to the anomalous interaction (O) with the constraint 



^'l ~ fii s'mdw + f^'i cos9w, {i — 1, 2) 



(15) 



where 9w is the Weinberg angle. Then the self-mass to 
be added to (O) is calculated to be 



167r2 



A^ 



(16) 



where g is the gauge coupling constant of SU{2)l, and 
± is +(— ) for the up(down)-type fermions. In the stan- 
dard model the right-handed component of the neutri- 
nos has no interaction. It is natural to assume that 
the anomalous interactions of z/^ are also absent, which 
means that /i = /i' = /i" = for neutrinos. Then the 
self- mass in ( |l6[ ) for the neutrinos is absent, and the mass 
discrepancy with the others remains large. 
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It is straightforward to incorporate the strong inter- 
action to the present scheme by combining it with the 
quantum chromodynamics. The growth of the running 
gauge couphng constant at low energies may affect the 
masses and the anomalous interactions of quarks, and 
the proportionality between them in and ( p^ ) may be 
distorted. Furthermore the slight breaking of the chiral 
symmetry in the fundamental dynamics gives rise to the 
small anomalous chromomagnetic interactions 
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(17) 



where fj,c is the anomalous chromomagnetic moment, q 
is the quark field, G^^i/ is the gluon field strength, and Aa 
is the Gell-mann matrix for SU{3)c- In the context of 
the standard model, the anomalous interaction (^) can 
arise from the non-renormalizable interactions 



(18) 



The diagram Fig. |i|b with the interaction (|T^) gives rise 
to the additional contributions 



(19) 



to the quark self-mass, where gs is the gauge coupling 
constant of the quantum chromodynamics. Since run- 
ning coupling constant gs is much enhanced at low en- 
ergies, the term (|l^) dominates over (|l^). Qualitatively, 
it explains why the quarks have larger masses than the 
charged lepton in the same generation. 

In conclusion, the anomalous interactions originating 
from the unknown fundamental dynamics can give rise 
to a large self-mass of the fermions according to their 
interaction activity, which realizes the gross feature of 
the mass hierarchy among neutrino, charged lepton and 
quarks in a generation. This scheme predicts that the 
mass is proportional to the strength of the anomalous 
interactions. In a toy model only with electromagnetism 
the relation is simple and testable. If we incorporate the 
quantum electroweak dynamics and quantum chromody- 
namics, the predictions become somewhat obscure be- 
cause of the additional free parameters, though it is still 
testable in principle. The flavor mixing occurs through 
the transition anomalous magnetic moment, and it is re- 
lated to the anomalous radiative decays of the fermions. 
In the present scheme, masses from the ordinary Higgs 
mechanism are as tiny as the neutrino masses, which 
means that the Yukawa coupling constants are as small 
as those of the neutrinos. Instead the radiative correc- 
tions of the Yukawa coupling constants due to the anoma- 
lous interactions are enhanced in proportion with their 
enhanced physical mass. Thus we expect that similar 
pattern of the branching ratios of the Higgs particle as 
that in the standard model. Interesting phenomenologi- 
cal aspects including them are now under investigation, 
and will be presented elsewhere. 
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